The semaphorins are a large family of secreted or cell-bound signals needed for the development of the nervous system. We compared mRNA expression of class 3 semaphorins (Sema3A, 3B, 3C and 3F) and their two receptors (Neuropilin-1 and -2) in the embryonic mouse ®rst molar tooth germ (E10±18) by radioactive in situ hybridization. All genes showed distinct developmentally regulated expression patterns during tooth organogenesis. Interestingly, Sema3A and 3C were ®rst detected in the early dental epithelium, and later both genes were present in the epithelial primary enamel knot, a putative signaling center of the embryonic tooth regulating tooth morphogenesis. Prior to birth, Sema3A was also observed in tooth-speci®c cells, preodontoblasts, which later differentiate into odontoblasts secreting dentin, and in the mesenchymal dental follicle cells surrounding the tooth germ. Sema3B appeared transiently in the dental mesenchyme in the bud and cap stage tooth while Sema3F was expressed in both epithelial and mesenchymal components of the tooth. Of note, Npn-1 expression pattern was largely complementary to that of Sema3A, and transcripts were restricted to the dental mesenchymal cells. Npn-1 expression was ®rst seen in the developing dental follicle, and later transcripts also appeared in the dental papilla mesenchyme. In contrast, Npn-2 signal was seen in both epithelial and mesenchymal tissues such as in the primary enamel knot and preodontoblasts. q
Results and discussion
The tooth is an excellent model to analyze molecular mechanism of epithelial-mesenchymal interactions regulating organ formation and cell differentiation (for reviews see Thesleff and Sharpe, 1997; Jernvall and Thesleff, 2000) . The semaphorins are a large family of secreted or cellbound signal molecules needed for proper development of the nervous system. To date, the semaphorin family consists of more than 20 members that form eight classes, from which classes 3±7 appear in vertebrates (Semaphorin Nomenclature Committee, 1999) . The class 3 semaphorins (e.g. Sema3A, 3B, 3C and 3F) were originally described as potent secreted chemorepellents for selected sets of axons in the peripheral and central nervous system (reviewed in Chen et al., 1998) , but there is some evidence that they serve broader roles during embryonic development. Transgenic Sema3A and Neuropilin-1 (Npn-1, a receptor for Sema3A), de®cient mice suffer from defects, e.g. in the cardiovascular system, and Sema3A 2/2 exhibit also disturbances in bone development (Behar et al., 1996; Kawasaki et al., 1999) . Npn-1 also binds vascular endothelial growth factor (VEGF) (Soker et al., 1998) and mediates cell adhesion (Takagi et al., 1995) . Hence, to further analyze developmental roles of semaphorins, we compared mRNA expression of class 3 semaphorins (Sema3A, 3B, 3C and 3F) and their two main receptors (Npn-1 and -2) during initiation and epithelial morphogenesis of the embryonic ®rst molar tooth germ (embryonic day (E)10±18) by in situ hybridization.
During the initiation of the tooth development (E10±11), a strong expression of Sema3A was observed in the dental epithelium at E10 (Fig. 1A1) . At E11 and 1 day later, at the early bud stage, the Sema3A signal was also detected in the presumptive dental mesenchyme (Fig. 1A2,3) . Interestingly, at the bud stage (E13), Sema3A expression was seen in the epithelial dental bud including the cells of primary enamel knot, a putative signaling center regulating tooth shape (arrow in Fig. 1A4 ) (for review see Jernvall and Thesleff, 2000) . Some transcripts were also seen in the condensed dental mesenchyme. At the cap stage (E14), the Sema3A signal in the tooth was diminished. No transcripts were seen in the enamel knot and the expression in the dental mesenchyme was largely restricted to some cells underlying the inner dental epithelium. Differentiation of the tooth speci®c cells, odonto-and ameloblasts is regulated by epithelial-mesenchymal interactions (reviewed in Ruch et Fig. 1 . Localization of Sema3A, 3B, 3C, 3F, Npn-1 and Npn-2 mRNAs during ®rst molar tooth development. Frontal sections. cm, condensed dental mesenchyme; de, dental epithelium; dm, dental mesenchyme; dp, dental papilla mesenchyme; ek, primary enamel knot; ide, inner dental epithelium; oe, oral epithelium; om, oral mesenchyme; ode, outer dental epithelium; po, preodontoblasts; pdm, presumptive dental mesenchyme; st, stratum intermedium. Arrowheads in B5±B7 indicate the dental follicle surrounding the enamel organ. Scale bars: 100 mm in F1±F5, applies to corresponding embryonic age; 200 mm in F7, applies to A6±F7. al., 1995) . During the bell stages (E16±18) Sema3A expression in the dental papilla became restricted to the preodontoblasts (arrows in Fig. 1A7 ), which later differentiate into odontoblasts secreting dentin, and to the underlying mesenchymal cells. In addition, transcripts were observed in the region between the epithelial cervical loops (arrowhead in Fig. 1A7 ) and in the dental follicle. The dental follicle gives rise to cemento-and osteoblasts forming the tooth supporting periodontium, and is the only region which becomes innervated in the embryonic tooth.
No Sema3B mRNAs were observed in the embryonic tooth except some transcripts, which appeared in the dental papilla mesenchyme at the cap stage (Fig. 1B5) .
Sema3C mRNAs were present in the dental epithelium during E10±12 but some transcripts were also detected in the dental mesenchyme of the early bud stage tooth germ. Interestingly, at the bud and cap stages, Sema3C expression was speci®cally seen in the primary enamel knot (arrow in Fig. 1C4,5) . Later, during the bell stages, a Sema3C signal was evident in the epithelial stratum intermedium cells and in E18 tooth also in inner dental epithelial cells next to the cervical loops. In addition, transcripts were observed in some mesenchymal cells located next to the base of the dental papilla (Fig. 1C6,7) .
Sema3F was widely expressed in the epithelium and mesenchyme of the ®rst branchial arch including the tooth germ during E10±12. At the bud stage and cap stage, Sema3F transcripts were predominantly located in the dental epithelium. In addition, at the cap stage transcripts were seen in the mesenchymal dental follicle. During the bell stages, the entire enamel organ and the dental papilla except the inner dental epithelium expressed strongly Sema3F. At E18, however, Sema3F expression in the dental papilla was restricted to the cervical region (Fig. 1D7) .
Expression of Npn-1, which is considered as the main receptor for Sema3A Kolodkin et al., 1997) , was restricted to the mesenchymal tissue components of the tooth. mRNAs for Npn-1 were not detected in the dental epithelium or immediate subjacent mesenchyme prior to E13 when the signal was present around the condensed dental mesenchyme. During later development, Npn-1 transcripts were observed in the dental follicle region and in the dental papilla mesenchyme. At E18, no Npn-1 signal was detected in the preodontoblasts and mesenchymal cells lining the inner dental epithelium (Fig. 1E7) .
Transcripts for Npn-2, which interacts with Sema3F as well as with sema3B and 3C (Chen et al., 1997; Takahashi et al., 1998) was observed in the dental epithelium and the presumptive dental mesenchyme at E10. During later stages Npn-2 showed a rapidly changing expression pattern. At E11, no speci®c expression of Npn-2 was observed in tooth primordium. At E12 some transcripts appeared in the dental mesenchyme, and 1 day later a pronounced Npn-2 expression was detected in the primary enamel knot (arrow in Fig. 1F4 ) and in the condensed dental mesenchyme. At the cap stage, however, Npn-2 expression was now seen in the epithelial cells next to the enamel knot (arrows in Fig. 1F5 ) and the expression in the dental papilla mesenchyme was downregulated. During subsequent bell stages (E16±18), Npn-2 mRNAs were observed in the epithelial stratum intermedium cells, in the restricted cells of the inner dental epithelium as well as in the dental follicle. In the dental papilla, Npn-2 expression was mainly observed in the coronal regions, and at E18, transcripts were located in the cells lining the inner dental epithelium and cervical loops including the preodontoblasts (arrows in Fig. 1F7 ).
Materials and methods
Mice (CBA £ NMRI) were mated overnight and the appearance of vaginal plug (next day) was taken as day 0 of embryogenesis (E0.0) and the developmental stages of the tooth germs were judged from the tissue sections according to morphological criteria. The following plasmids were used for in vitro transcription of [ 35 S]UTP-labeled antisense and sense probes: 2.9 kb mouse Sema3A; 0.9 kb Sema3B and 3C; 2.9 kb Sema3F as well as Npn-1 and Npn-2, both approx. 1.1 kb. In situ hybridization on sections was performed according to Wilkinson and Green (1990) . The experiments were approved by the Animal Welfare Committee of the Preclinical Institutes, University of Bergen. Sections were exposed for 3 weeks. No speci®c hybridization signal was detected in the sections hybridized with sense probes (not shown).
